In entrained slagging gasifiers, the fluidity of the molten ash is a critical factor for process control since it affects slag formation, the capture of inorganic constitu ents, refractory wear, and slag drainage along the gasifi cation chamber walls. The use of western coal, or mixtures of eastern and western coals as gasifier feedstock, is likely to occur as western coals become available and technolog ical issues that hinder their use are being resolved. In the present work, the viscosity of synthetic slags with ash chemistries simulating the western U.S. coals, was experi mentally measured at a Po 2 = 10 −8 atm in the temperature range of 1773-1573 K (1500-1300 °C) using a rotatingbob viscometer. Alumina spindles and containment crucibles of both alumina and zirconia were used. Crystallization studies of this slag using a confocal scanning laser micro scope found that a (Mg,Fe)Al 2 O 4 based spinel precipitated at temperatures below 1723 K (1450 °C), and this agreed with FactSage equilibrium phase prediction. The same spinels were observed in the post viscometry experiment slags when ZrO 2 crucibles were used and assumed to be in equilibrium with the slag at the higher temperatures. Zir conia dissolution resulted in a slight increase in the solid fraction present in slags at lower temperatures, compared to spinel fraction. Crystal precipitation changed the ap parent activation energy and required a longer stabiliza tion times for viscosity measure ments. The viscosity results were used in predictive equations based on Veyts man and Einstein's models, with critical nucleation tem peratures and the solid fraction calculated with FactSage. In the simulated eastern/western coal feedstock blends based on ash compositions, the fractions of the solid pre cipitates were also calculated using the thermodynamic program FactSage for each blend composition, and the plastic viscosity of each eastern/western coal slag blend was predicted using Veytsman's model and compared to available experimental data.
Introduction
Hightemperature slagging gasifiers have the potential to gasify carbon feedstock such as coal, petroleum by products, biomass, or mixtures of them. Mixed carbon feedstock would increase fuel flexibility and lower net CO 2 output and emissions. Gasifiers also have the poten tial for carbon capture and storage (CCS). In an integrated gasification combined cycle (IGCC) power system, poten tial pollutants can be converted into reusable byprod ucts, and excess heat used to generate power in a steam turbine.
Slagging gasifiers in the U.S. predominately use bitu minous or subbituminous coals east of the Mississippi River. The Western United States has deposits of lowrank coal that account for a significant fraction of U.S. coal re serves. These western U.S. coals include subbituminous and lignite ranks that have lower BTU/lb values and high moisture compared to the eastern bituminous and sub bituminous coals. With the demand for lowcost and reli able power, the potential usage of western coals has become more important in the United States. To enable gasification (or cogasification) of western coals, difficul ties caused by the inorganic constituents in the fuel feed stock need to be overcome. In a slagging/entrainedflow gasification system, the inorganic constituents typically liquefy under the gasification conditions of T = 1598 to 1873 K (1325 to 1600 °C), P = 2.07-6.89 MPa and log(P O2 ) = −9 to −7.
[1] The liquefied ash coalesces and forms a slag, which, ideally, deposits on the refractory walls, flows to the bottom of the gasifier, and is removed as a tapped slag stream.
Not all of the nongaseous impurities resulting from gasification leave the system with the slag stream, with some becoming entrained within the syngas, forming fly ash, which can interact with downstream components of the gasifier. Furthermore, depending on the slag proper ties; it can either be too viscous, which can inhibit tapping from the gasifier, or too fluid, causing excessive degrada tion of the refractory liner. [1] As such, maintaining optimum slag properties in a gasifier can require a balance between two extremes that on one hand can result in operations issues caused by poor slag flow, and on the other hand maintenance issues caused by excessive refractory degradation. Slag fluidity can be expected to be a function of system temperature and slag chemistry, which can to some degree be con trolled in the system. However, a better fundamental understanding of slag properties under gasification con ditions can result in improved control strategies in plant operations, especially in maintaining the optimum balance between slag flow and refractory wear. The com position, structure, and resulting properties of the slag are critical to the operation of the gasifier; improvements in these areas have the potential to enhance the commercial competitiveness of IGCC technology.
Slag viscosity depends on ash chemistry, tempera ture, oxygen partial pressure (determined by the CO/CO 2 ratio in the gasifier), and the precipitation of solid phases. Ash chemistry depends on the source of the coal and/or any additional carbonaceous feedstock it is mixed with, such as other types of coal or petcoke. For example, low rank coal westerns U.S, compared to eastern US coal, [2] is significantly richer in CaO, which is a strong depolymeriz ing unit in silica based slags. Table 1 shows typical ash chemistries of coals in the United States.
Evaluations of molten coalash viscosity and semiem pirical estimation models have been presented in the liter ature, [3] [4] [5] [6] [7] but the effect of crystallization has not been extensively and explicitly treated by these models, and would be a pertinent factor in the viscosity of alkalirich western slags. The aim of this study is to evaluate and predict the viscosities of synthetic slags resembling the molten ash chemistry of eastern and western (west of the Mississippi river) coal slag mixtures, and to account for the solid fractions in the slag through Einstein's equation [8] used for dilute suspension, and Veytsman's model [9] that is used to predict slurry viscosities.
Experimental

Sample preparation
The compositions of the two synthetic slags chosen for viscosity and phase studies were from known fuel ash compositions of coal feedstock in the United States. The eastern coal (EC) slag was determined based on averages of coal chemistries in a report by Selvig and Gibson [10] , where over 300 US coals were analyzed. Western coal (WC) slag chemistry was determined by averaging ash composi tions of the WyodakAnderson and BeulahZap seams re ported by Vorres. [11] The two slags were synthesized by mixing the indi vidual oxide components in powder form to the appro priated ratios, then premelted and equilibrated in a gas mixture of CO/CO 2 at 1773 K (1500 °C). The CO to CO 2 ratio was 1.8, corresponding to a P O2 = 10 −8 atm, at which 99.92 at% of the Fe ions should be 2+, the balance being 3+, as determined with FactSage thermodynamics software. [7] The dissolution of the Al 2 O 3 crucible used to contain the molten slags during premelting was minor for eastern coal slag, but was substantial for the western coal slag, resulting in almost a 5 wt% increase in Al 2 O 3 content. The target slag compositions and the slag compositions after melting (labeled with "VS") are listed in Table 2 , as well as the compositions after viscosity measurement. The slag compositions were evaluated using Xray fluorescence (XRF) spectrometry. Eastern coal slags are labeled with "EC" and western coal slags with "WC". A typical postmeasurement slag composition (ECpost) is shown for eastern coal slag. "M" stands for "viscosity mea surement" and is followed by the viscosity measurement number. Note that the ZrO 2 pickup from crucibles was substantial for WCM2 and WCM3. Alumina spindles were used in all viscosity measurements, and the crucible materials and atmospheres used during viscosity testing is shown in Table 3 .
Viscosity measurements
The viscosity measurements were carried out using the ro tating cylinder method described in ref. [12] and shown in Figure 2a . The viscosity of the slags were measured in a step cooling cycle of 25 K increments (1773-1573 K), with a thermal equilibration time at each temperature of 30 min before measurements were taken. A continuous flow of the CO/CO 2 gas was maintained at a flow rate of 0.2 ± 0.01 l/min during each experimental run. The viscosity data was recorded in two ways, one by manually adjusting the spindle rotation speed at each temperature so that the torque was between 70-80% of the full torque, with the viscosity reading averaged within the oscillating range of the torque reading that is less than ±0.3%. The other way was using a dedicated computer software package to control the rheometer and to record the viscosity reading at the same time. The range of the torque was preset to 70-80% for obtaining viscosity readings. After the 30 minutes of thermal equilibration time, the viscosity was recorded for another 30 minutes (referred to as data acqui sition time). The time of data recording was reduced for 1773 K (1500 °C) and 1748 K (1475 °C), since the slag stabi lized faster at high temperatures. In the computeroperated data collection, viscosity values were recorded every 3 seconds. A single viscosity value for each temperature was obtained by averaging all the viscosity readings recorded in data acquisition time at each temperature.
After the viscosity had been measured at the lowest temperature, i.e. 1573 K (1300 °C), the spindle was lifted out of the slag, and the slag was then cooled to room temperature by turning off the furnace. The slag com position was routinely analyzed by XRF and XRD before and after each measurement. The slag, slag/crucible and slag/spindle interfaces were also characterized with SEM.
Crystallization of western coal slag
In order to assess the crystallization tendency of the western coal slag, a confocal scanning laser microscope (CSLM) was used for the study of the crystallization that had a gold image hot stage attached to the microscope, see Figure 1b . This system has fast heating and cooling capa bilities. Details of the CSLM have been documented in lit eratures, [13] [14] [15] [16] but the key features of the system are (i) confocal optics with a source of HeNe laser (wavelength of 632.8 nm) allowing for imaging of features in a narrow focal plane while filtering background glare due to radia tion and (ii) an infra red heating system which allows for rapid heating and cooling. Using this system, crystal pre cipitation in semitransparent slags or on the surface of opaque slags could be observed insitu. In each experiment, approximately 0.010~0.020 g of starting slag powder was poured into a bowl made from platinum foil (99.99%, 0.05 mm thick), which was then placed onto an Al 2 O 3 crucible. The crucible with slag were set on a platinum sampler pan and placed into the hot stage, see Figure 1b . Each starting slag powder in the Pt bowl was heated in the CSLM hot stage in a CO/CO 2 gas ratio of 1.8. In order to start from a completely molten slag, the slag powder was heated to 1823 K (1550 °C) and held for 10 minutes. The slag was then rapidly cooled (approxi mately 100 °C/s) to the desired crystallization tempera ture, typically in a few seconds, and held isothermally for another 10 minutes. The slag crystallization event was op tically observed and recorded in situ, and the time needed for the precipitation to occur on the surface of the slag liquid was recorded for each temperature. After crystalli zation had occurred at each crystallization temperature, the slags were quenched to room temperature to evaluate the crystallized phases using the SEM and XRD.
Results and discussions
The measured viscosity vs. temperature for the western coal composition are shown in Figure 2a , and the maximum and minimum viscosities recorded in the data acquisition time at each temperature are shown as the error bars. It can be seen, when compared to the measured viscosity of eastern coal ash under similar conditions, [12] also shown in Figure 2a as "EC experimental", the viscosity of western coal slag is generally an order of magnitude lower. Fur thermore, viscosity of western coal does not appear to be a continuous function but instead exhibits at least two dis tinct changes in curvature. Of the viscosity models evalu ated, the experimental results agreed most with the Kal manovitch and least with the Browning predictions. The Kalmanovitch model considers a spectrum of experimen tal data, including those containing crystalline solids, and fits the slag system with respect to a WeymannFrenkel relationship. Accordingly, the Kalmanovitch model pre dicts slag viscosities that contain fugitive solids. On the other hand, the Browning model is not as adaptable in predicting viscosities for slags that are outside the Newto nian region, such as when a crystalline phase precipitates in a slag. The Browning model is based on the assumption that the viscositytemperature curve is identical for all coal slags (in the Newtonian region), and thus a standard curve is shifted along the temperature axis based on composition. Figure 2b shows the change in viscosity during iso thermal holds at each temperature for two measurements: WCM2 and WCM3. It is seen that below 1673 K (1400 °C), there was a measurable viscosity change with time, indi cating some dynamic change in the slag. Figure 3 shows the natural logarithm of the measured viscosity vs. the inverse of temperature, and if an Arrhenius type tempera ture dependency were to hold, then the slope(s) of the plot would be proportional to the activation energy for viscous flow. It is clear from the plot that single activation energy does not describe this system. The activation energy corre sponding to the high temperature range is within the values found in eastern coals. [12] The drastic and discontinuous changes in the mea sured viscosity could be an indication of a phase change occurring in the slag, and that the gradual increase in the slopes of the viscosity vs time curves at the lower tempera tures in Figure 2a is an indication that this phase change is occurring within the time scale of the measurement at the lower temperatures. Above 1350 °C, however, the rela tively stable viscosity values with time suggest that the phase change was rapid, and was completed within the 30minute equilibration time, thus probably not impact ing viscosity measurements. The most likely physical change that this slag would undergo is crystallization.
In the western coal slag viscosity measurement taken using an Al 2 O 3 crucible, dissolution of the crucible mate rial resulted in extensive slag crystallization, shown in Figure 4a , compared to measurements taken with ZrO 2 crucible. A large amount of so called "CAS" phases precip itated, which were made up of CaO, Al 2 O 3 and SiO 2 with certain ratios. Therefore, the WCM1 dataset was deemed not suitable for further use in plastic viscosity prediction. ZrO 2 crucible was also attacked by the slag, however, the dissolution of ZrO 2 did not seem to affect the precipitation of crystalline phase, Figure 4b . ZrO 2 dissolved into the slag at high temperatures and precipitated as dendrites at low temperatures and did not seem to have combined with any oxide component from the slag. Figure 5 shows the FactSage prediction of the weight percentages of the solids in the slag, with and without ZrO 2 dissolution. The FactSage calculations were con ducted using major components (Al 2 O 3 , CaO, Fe 2 O 3 , MgO, Na 2 O, SiO 2 and ZrO 2 ) taken from Table 2 with Po 2 = 10 −8 atm. For the calculation to simulate the case with no ZrO 2 content in slag, the compositions in Table 2 were normal ized with ZrO 2 removed from the slag composition. The ZrO 2 solid phase was considered to be a solution phase rather than a stoichiometric compound throughout the calculations. Then, the volume fractions in the two cases were calculated by estimating the density of the liquid slag as a function of chemistry using the method described in ref. [16] . The densities of spinel and ZrO 2 were taken as constants and were 3.64 g/cm 3 [17] and 5.68 g/cm 3 [18], respectively. It is seen that the solid volume fraction predicted without ZrO 2 is in the range of 0-0.15 (the faction is based on 1.00 being 100 pct solid), and that introducing ZrO 2 to the slag by dissolution of the crucible resulted in a slight delay in the precipitation of spinel, and that it dissolved into the slag at elevated temperatures. Table 4 compares the expected solid phases predicted by FactSage with and without ZrO 2 present and compares those to what was found in two experimental cases. The reason that the amount of ZrO 2 predicted to be present in the slag was being determined was to evaluate its influ ence on viscosity values measured. In the first case (column 4), the phases listed were found after the vis cosity measurements were taken, i.e. ZrO 2 and spinel. It should be noted that these slags were not quenched, and therefore a distinction cannot be made whether crystalli zation observed occurred at the experimental temperature or during cooling. Nevertheless, it can be seen that the crystalline phases found in the spent slag agrees with the FactSage prediction when ZrO 2 is taken into account. The last column to the right lists the crystals that were observed insitu in the CSLM in a Pt crucible during iso thermal holds after they were allowed to grow. The spinel phase is the primary phase predicted and observed in samples, and it precipitates whether ZrO 2 is or is not present. The spinel phase is (Mg,Fe)Al 2 O 4 was found in both the viscometry slag and CSLM slag of the western coal, with some solid solutions of Mg 2+ and Fe
2+
. As seen in Figure 4b , the size of the spinel in the viscometry slag ranges from 50 to 200 µm.
To incorporate the effect of solid fraction and predict the plastic viscosity, two models from the literature were considered; the model proposed by Veytsman for predict ing slurry viscosities [9] , and Einstein's equation (see e.g. ref. [8] ).
Einstein's equation is given below. It adjusts the clear liquid viscosity, η 0 , with the solid volume fraction, φ. Einstein's equation considers spherical particles when φ ≪ 1 but does not consider any particular particle size distribution.
where η is the effective viscosity, η 0 is the clear liquid vis cosity, and φ is the volume fraction of the solids. The Veytsman's model [9] is shown below,
where [η] is the intrinsic viscosity, and φ max is the solid fraction when the close packing limit is reached. Using the Einstein equation as a starting point, the Veytsman model adds the influence of the particle size distribution of the fugitive solids on the clear liquid vis cosity. The model parameterized this aspect of the system by means of examining the ratio between a given solid fraction (φ) and the maximum solid fraction (φ max ) possi ble for this system. For any given composition v 1 , v 2 , . . . , v n of a blend with particle sizes D 1 , D 2 , . . . , D n ; φ max is calcu lated using an iterative algorithm (see ref. [9] for details). For spherical particles of a single size, φ max ≈ 0.637. The value of φ max changes, however, with the size distribution and shape of the particles in the slag. For simplicity, spherical particles (shape factor = 1) are assumed in this study with a close pack ratio (φ 0 ) of 0.637. It should be mentioned, though, that shape factor is factored into the close pack ratio (φ 0 ), and can have a significant effect on the plastic viscosity by changing the value of φ max , even at low solid volume fraction regime. In the 0 < φ < 0.2 solid volume range considered here, the value of φ max resulted from a shape factor close to unity is much larger than φ. However, if a small shape factor is used, say 0.2, the maximum solid loading (φ max ) may decrease to a similar magnitude as the actual solid loading (φ). Although the particle size distribution can only change the value of φ max in a small range, regardless of the shape factor, it can be proven mathematically that the plastic viscosity is sensi tive to even a small change of φ max when φ max is close to the φ. Experimental data indicate that the value for [η] only changes within the range of 2.5-2.7, when φ changes from 0 to φ max . [19] In the current study, the value of 2.7 was chosen for [η] following ref. [9] . The clear liquid viscosity was extrapolated from the experimental data points of the highest temperature, since no viscosity model could produce reasonable predictions for western coal slag. The average density of spinel, i.e. 3.64 g/cm 3 , [17] was chosen as the particle density. The other pertinent parameters used in Veytsman's model are listed in Table 5 . Figure 6 shows the lack of sensitivity to particle size distribution in the Veytsman's model. This is not surpris ing since the solid fractions encountered in this study are relatively low, i.e. less than 0.2, compared to slurries for which the model was developed. As mentioned earlier, in Veytsman's model, it can be proven mathematically that plastic viscosity is sensitive to φ max (or size distribution) when φ max is close to φ. In this case, the crystal size distri bution would have minimal influence on the predicted plastic viscosity. A monodispersed particle size of 22 µm was assumed for the sake of the calculation.
For both models, the solid fraction (φ) was obtained by adding the solid phase fractions from Figure 5 and converting to the volume fraction with the calculated density. The case with ZrO 2 dissolution was used in these calculations. Figure 7 shows the experimental points of WCM2 dataset along with (i) the extrapolated liquid viscosity, and (ii) the resulting prediction from Veytsman -and (iii) Einstein -models. It can be seen that the data is within the error of the experimental data reasonably represented by both models.
Based upon the present results, the values in Table 6 are recommended for use with equations (1) and (2) to predict the plastic viscosity of US western coal slags (ex cluding ZrO 2 ).
In order to evaluate the effect on viscosity when the western coal slag is added to the eastern coal slag that only slightly crystallize in viscosity studies, [12] calcula tions were made for blends of the two, i.e. 10%EC-90%WC, 30%EC-70%WC, 60%EC-40%WC and 90%EC-10%WC (all in mass percentage). The compositions of the blends were calculated using the ECVS and WCVS compositions 3 3.64 shown in Table 2 , and a solid phase mass fraction was cal culated by FactSage for each blend, then converted to the volume fraction by K.C. Mills method [16] (Figure 8a ). Up to 14 wt% of anorthite was noted in FactSage calculations for 90 to 60 mass% EC-WC mixtures. The formation of anorthite was neglected here as it was not observed in the present experiment within the time studied. The clear liquid viscosities were predicted with FactSage for each chemistry blend. The same [η] and φ max values were used in Veytsman's model for calculating the plastic viscosities shown in Figure 8b . The viscosity of 100 mass% eastern coal slag was evaluated experimentally in an earlier study, [12] which is also shown in Figure 8b . It can be seen that the plastic viscosity calculated with Veytsman's model for the 100 mass% eastern coal slag agrees rather well the experimental value.
FactSage calculations indicated spinel would form in slags with 70%EC-30%WC through 100%WC, while mullite was only noted for ECrich slags (100%EC up to 90%EC-10%WC). Note anorthite was again assumed to be negligible and not included in calculations shown in Figure 8 . A discussion of the formation kinetics of anor thite is beyond the scope of this study. For all blend chem istries, a positive deviation was noted below the transition temperature at which crystals started to precipitate. This transition temperature varied with slag blend composi tions, see Figure 9 . According to FactSage, the liquidus temperature of 100%WC is 1757.5 K (1484.5 °C), which de creases down to 1604.4 K (1331.4 °C) at 70%EC-30%WC, with increasing EC%. The liquidus temperature then in creased at higher EC% to 1686.6 K (1413.6 °C) for 100%EC. This trend is correlated to the types of solids formed in the slags, i.e. spinel or mullite. A general trend that the viscos ity decreases at higher WC% at any temperatures studied here may be related to an increase in basicity (CaO/SiO 2 ) for acidic slags.
Conclusions
The viscosity of the synthetic slags with chemistry resem bling the molten ash of coal from the western United States was measured with a rotatingbob viscometer. It was found that the viscosity was significantly lower than the eastern coal, and that its viscosity could not be de scribed by a single Arrhenius type function. Significant crystallization of (Mg,Fe)Al 2 O 4 based spinel was attributed to be the cause. Spinel crystals precipitated at tempera tures below 1757.5 K (1484.5 °C), and the results suggest that their growth was rapid to be close to the solid fraction predicted by phase equilibrium calculations at tempera 
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